SUMMARY We examined the effect of various external calcium concentrations on net potassium efflux and net sodium influx in lymphocytes from spontaneously hypertensive rats (SHR), strokeprone spontaneously hypertensive rats (SHRSP), and Wistar-Kyoto rats (WKY). Net potassium efflux was greater in lymphocytes from SHRSP than in those from WKY at external calcium concentrations of 0.1, 0.3, 1.0, and 3.0 mM but not at 0 mM (14.9 ± 0.8 vs 13.0 ± 0.7 mmol per kilogram of dry weight per hour, respectively). Net sodium influx in lymphocytes from SHRSP was greater than in those from WKY at all external calcium concentrations tested (0,0.1,1.0, and 3.0 mM). In contrast to lymphocytes from WKY, net potassium efflux and net sodium influx in lymphocytes from SHRSP were not significantly higher at 0 than at 0.1 mM external calcium concentration. Lymphocytes from SHRSP had elevated intracellular free calcium concentrations (173.6 ± 7.4 nM, n = 8), as compared with lymphocytes from WKY (98.1 ±9.1 nM, n = 8). These data suggest that the interaction of calcium with the lymphocyte plasma membrane directly affects monovalent ion permeability and is altered in lymphocytes from SHRSP, as compared with those from WKY. Our findings support the hypothesis that in hypertension there is a generalized increase in cell membrane permeability to calcium and monovalent ions, which may result from a reduced number of calcium-binding sites on the plasma membrane. and increased contraction. Erne et al. ,
I
N recent years, much evidence has accumulated suggesting that there is a defect of calcium handling by vascular smooth muscle associated with hypertension. 1 One manifestation of altered calcium handling is an impairment of the calcium-binding capacity of the plasma membranes of cells from hypertensive animals. Wei et al. 2 reported a decrease of calcium binding by plasma membrane fractions of mesenteric arteries from spontaneously hypertensive rats (SHR). Studies by Postnov and Orlov 3 and by Devynck et al. 4 ' 5 in erythrocytes, adipocytes, cardiocytes, hepatocytes, and synaptosomes suggest that decreased calcium binding may be a generalized property of the plasma membrane of cells from genetically hypertensive rats. Holloway and co-workers 6 ' 7 hypothesized that in vascular smooth muscle from SHR the reduced binding of calcium results in decreased membrane stability, which leads to increased calcium influx and increased contraction. Erne et al. , 8 using the intracellular calcium indicator Quin 2, reported a highly significant correlation between the platelet intracellular free calcium concentration and blood pressure in normotensive and hypertensive subjects. Using the same method, Bruschi et al. 9 noted that the intracellular free calcium concentration was higher in lymphocytes from SHR than in those from Wistar-Kyoto rats (WKY). The membrane permeability to monovalent ions also appears to be affected by the extent of calcium binding. Jones and Hart 10 reported that the rate of potassium turnover in rat aortic smooth muscle decreased as the calcium concentration in the muscle bath was increased. Aorta from hypertensive rats treated with deoxycorticosterone acetate and saline, however, exhibited a greater 42 K turnover than did those from control animals, at all calcium concentrations above zero.
To gain further insight into the generalized nature of calcium-related membrane abnormalities in hypertension, we investigated the effect of external calcium on the net passive sodium and potassium fluxes in lymphocytes from three strains of rats: SHR, stroke-prone spontaneously hypertensive (SHRSP), and WKY. We also measured free intracellular calcium concentration in lymphocytes from SHRSP and WKY.
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Methods

Laboratory Animals
Male and female WKY and SHRSP used in this study were obtained from our breeding colony, which originated from rats obtained from the National Institutes of Health in 1981. All rats used were 4 to 6 months old and weighed 200 to 400 g.
Male SHR and WKY were obtained from a commercial breeder. All the rats were 9 to 10 months old and weighed 300 to 450 g when used in the study. All rats were completely anesthetized (phenobarbital, 50 mg/kg i.p.) prior to exsanguination.
Peripheral Lymphocyte Isolation
Relatively pure (80-90%) populations of lymphocytes from whole blood were isolated by differential centrifugation on a Ficoll-Hypaque density gradient, as previously described."
Net passive fluxes of sodium and potassium were determined according to a technique described elsewhere." Cells were washed in isosmotic sucrose, dried, weighed, and dissolved in 70% nitric acid before sodium and potassium measurement on a flame photometer (IL 400). Net sodium influx was determined by measuring the change in intracellular sodium concentration resulting from incubation at 4°C for 4 hours. Net potassium efflux was determined by measuring the change in potassium concentration in the external medium after incubation. Results are expressed in millimoles per kilogram of dry weight per hour. The effect of external calcium concentrations on net sodium and potassium fluxes was studied by altering the calcium concentration of physiological salt solution in which they were suspended. Five concentrations of calcium were used: 0,0.1, 0.3, 1.0, and 3.0 mM.
Intracellular Free Calcium Concentration
Lymphocyte calcium was measured with the intracellular fluorescent indicator Quin 2 (Sigma, St. Louis, MO, USA) according to the procedure of Tsien et al. 12 Peripheral lymphocytes were isolated as outlined above. The cells were resuspended in physiological salt solution (NaCl, 140 mM; KC1, 4 mM; MgSO 4 , 1.19 mM; morpholinopropane sulfonic acid, 2.0 mM; CaCl-2H 2 O, 1.0 mM; dextrose, 11.1 mM; adjusted with 0.1 N NaOH to pH 7.4 at 25°C to yield approximately 10 7 cells per milliliter). The acetoxymethyl ester of Quin 2 was added to the cell suspension to give a final concentration of 50 /xM. The cells were then incubated at 37°C for 30 minutes, diluted by one half with physiological salt solution, and incubated for an additional 30 minutes. At the end of the incubation period the cell suspension was centrifuged at 1000 g for 2 to 3 minutes, and the cells were resuspended in fresh salt solution at 2 to 5 x 10* cells per milliliter. One-milliliter aliquots of this cell suspension were centrifuged and resuspended in fresh salt solution immediately before placement in the spectrofluorometer. Duplicate readings were taken alternating between WKY and SHRSP lymphocytes. Nonloaded cells did not exhibit appreciable fluorescence.
Fluorescence was measured with a Perkin-Elmer (Norwalk, CT, USA) 650-10S spectrofluorometer set at 339 nM excitation wavelength (slit, 4 nM) and 492 nM emission wavelength (slit, 4 nM). The sample compartment was thermostatically controlled (25 °C), and the cell suspension was magnetically stirred in a 1-cm square quartz cuvette.
Statistics
Student's t test was used to test for differences between two groups of data. Analysis of variance with the Scheffe multiple comparisons procedure was used for within-strain and between-strain comparisons of the effect of varying external calcium concentrations on net potassium efflux and net sodium influx. Differences between groups were considered significant when the p value was 0.05 or less.
Results Systolic blood pressure (mean ± SEM) was significantly higher (p<0.0l) in the SHR (206 ± 3.3 mm Hg, n = 8) and SHRSP (192 ± 5.7 mm Hg, n = 22) than in the WKY (105 ± 2 mm Hg, n = 22). The average systolic pressures in the SHR and SHRSP were not significantly different.
Effect of Extracellular Calcium on Net Sodium and Potassium Fluxes
At all concentrations of external calcium greater than 0 mM, net potassium efflux in lymphocytes from SHR and SHRSP was greater than in those from WKY (Figure 1) . At an external calcium concentration of 0 mM, the net potassium efflux did not differ significantly between lymphocytes from SHRSP and those from WKY. In contrast to the lymphocytes from the WKY, those from SHRSP did not have significantly different net potassium efflux at external calcium concentrations of 0 and 0.1 mM.
At all concentrations of external calcium tested, net sodium influx in lymphocytes from SHR and SHRSP was greater than in those from WKY ( Figure 2 ). There was no significant difference in net sodium influx at external calcium concentrations of 0 and 0.1 mM in lymphocytes from SHRSP.
Intracellular Free Calcium Concentration
The systolic pressure of the SHRSP (207 ± 11 mm Hg, n = 8) used in this study was also significantly higher than that of the WKY (114 ± 7, n = 8). The intracellular free calcium concentration, measured with Quin 2, was significantly higher (p<0.0l) in lymphocytes from the SHRSP (173.6 ±7.4 nM, n = 8) than in those from the WKY (98.1 ± 9.1 nM, n = 8, Figure 3 ).
Discussion
It has long been recognized that alterations in ionic permeability and ionic gradients, through their effects on membrane potential and calcium regulatory processes, may be responsible for changes in the contractile state of vascular smooth muscle from hypertensive animals. ity in vascular smooth muscle cells depends on the extracellular calcium concentration led to his interpretation that the higher rate of potassium efflux he had observed in vascular smooth muscle cells from hypertensive rats might be related to the cell's decreased ability to bind calcium for membrane stabilization.
14 Subsequent studies have provided further evidence of altered permeability to monovalent ions in vascular smooth muscle from hypertensive animals. 15 Altered ionic permeability associated with hypertension appears to be a generalized phenomenon. Increased sodium and potassium permeability has been reported for erythrocytes and leukocytes. 16 Recently, we have provided further evidence of increased cell sodium and potassium permeability asso- ciated with genetic hypertension." Net passive influx of sodium and efflux of potassium at 4°C were higher in lymphocytes from SHRSP than in lymphocytes from normotensive WKY.
A subsequent study revealed a strong genetic association between the net potassium efflux of lymphocytes and systolic blood pressure when these traits were followed in the progenies (F,, F 2 , and backcross) of WKY and SHRSP matings. 17 We postulated that the change in potassium permeability is secondary to a primary genetic defect of altered calcium handling by the lymphocyte membrane, which results in an elevated intracellular free calcium concentration. The higher intracellular free calcium concentration, in turn, contributes to an increase in potassium efflux through its action on calcium-dependent potassium channels. 18 The results of the present study are consistent with this hypothesis. In lymphocytes from WKY, SHR, and SHRSP the net sodium influx and net potassium efflux varied inversely with the external calcium concentration. At all concentrations of calcium tested, however, the net sodium and potassium fluxes were higher in the lymphocytes from the SHR and SHRSP than in those from WKY (Figures 1 and 2) . The greater fluxes are consistent with a reduced calcium-binding capacity of the plasma membranes of lymphocytes from SHR and SHRSP, as compared with those from WKY. Also consistent with a reduced calcium-binding capacity is the lack of a further increase in the net sodium influx and net potassium efflux in lymphocytes from the SHRSP when the external calcium concentration is decreased from 0.1 to 0 mM. That the net sodium influx and net potassium efflux in lymphocytes from WKY increase over this range of external calcium concentrations suggests that the lymphocyte plasma membrane in SHRSP attains maximum lability when calcium is still present in the bathing solution. At the low external calcium concentration of 0.1 mM, there are insufficient calcium-binding sites on the lymphocyte membrane in SHRSP for this effect to be expressed. At an extracellular calcium concentration of 0 mM, the 11-126 SUPPL II HYPERTENSION, VOL 8, No 6, JUNE 1986 difference in the net potassium efflux, but not the net sodium influx, between lymphocytes from SHRSP and WKY is abolished. The abolishment of the difference in net potassium efflux in the absence of calcium points to the role of calcium-dependent potassium channels in causing this difference.
We have presented what we think is a likely hypothesis for the manner in which extracellular calcium affects cation fluxes in lymphocytes. We recognize, however, that changes in the extracellular calcium concentration may have a broad spectrum of actions on membrane function (e.g., calcium-adenosine triphosphatase, calcium-binding protein, and sodium-calcium exchange), which could also affect sodium and potassium fluxes. Inasmuch as these processes are directly or indirectly dependent on metabolic energy, the conditions of our study (4°C for 4 hours) would tend to preclude their contribution to the observed results.
The elevated intracellular free calcium concentration of lymphocytes from SHRSP, as compared with those from WKY (see Figure 3) , may be attributable to increased membrane permeability to calcium caused by a reduced calcium-binding capacity. Devynck et al. , 4 studying erythrocytes from SHR, reported a greater passive influx of calcium and reduced calcium binding to the erythrocyte membrane. Postnov et al. 19 found that the intracellular calcium concentration was higher and the calcium-binding capacity was lower in adipocytes from SHR than in those from normal controls. Both basal and norepinephrine-stimulated calcium influxes are higher in isolated mesenteric resistance vessels from SHR than in those from WKY. 20 Of course, the control of intracellular free calcium concentration is complex, and we cannot rule out the possibility that alterations in calcium processes, such as altered calcium pump activity, calcium-binding protein, or intracellular calcium stores, may contribute to the differences in intracellular free calcium concentrations that we have seen. Perhaps some insight into this problem will be gained by future investigations into the effects of varying extracellular calcium concentrations on the intracellular free calcium concentrations.
In summary, the observation of increasing net potassium efflux and net sodium influx with decreasing external calcium concentrations suggests that the interaction of calcium with the external surface of the lymphocyte plasma membrane directly affects monovalent ion permeability. The higher intracellular free calcium concentration in lymphocytes from SHRSP, as compared with those from WKY, is consistent with an increased permeability of the plasma membrane to calcium. The effect of calcium on the external surface of the lymphocyte membrane is quantitatively smaller in SHRSP than in WKY. Presumably, the calcium-binding capacity or affinity of the membrane of lymphocytes from SHRSP is reduced, as compared with those from WKY.
